Addition of methionine to the growth medium of Escherichia coli K-12 leads to a reduction in the specific activity of S-adenosylmethionine (SAM) synthetase. Thus the enzyme appears to be repressible rather than inducible. Mutant strains (probably metJ-) are constitutive for SAM synthetase as well as for the methionine biosynthetic enzymes, suggesting that the regulatory systems for these enzymes have at least some elements in common. Cells grown to stationary phase in complete medium, which have low specific activities of the enzymes, were routinely used for derepression experiments. The lag in growth and derepression when these cells are incubated in minimal medium is shortened by threonine. Ethionine, norleucine, and a-methylmethionine are poor substrates or nonsubstrates for SAM synthetase and are ineffective repressors. Selenomethionine, a better substrate for SAM synthetase than methionine, is also slightly more effective at repression than methionine. Although SAM is considered to be a likely candidate for the corepressor in the control of the methionine biosynthetic enzymes, addition of SAM to the growth medium does not cause repression. Measurement of SAM uptake shows that too little is taken into the cells to have a significant effect, even if it were active in the control system.
The control of the biosynthesis of the aspartic family of amino acids in Escherichia coli has been studied by many workers. This system, which has served as a model for the control of branched biosynthetic pathways, has been the subject of several recent reviews (3, 31, 32) . The enzymes of this pathway which are unique to methionine biosynthesis are repressed by addition of methionine to the growth medium (16, 23, 24, 30, 33) . The structural genes for these enzymes are scattered in the genetic map of E. coli but, since apparently single gene mutations lead to loss of ability to repress any of them, they all seem to be controlled by a single regulatory system (2, 13, 16, 22) . None of these reports considered control of S-adenosylmethionine (SAM) synthetase. We have found that SAM synthetase is repressed by addition of methionine to the growth medium and have isolated ethionine-resistant mutants of E. coli K-12 which are constitutive for SAM synthetase, cystathionine synthetase, and cystathionase. The results suggest that control of SAM synthetase shares at least some regulatory elements with that of the methionine biosynthetic enzymes.
MATERIALS AND METHODS Materials. Glutathione, disodium adenosine triphosphate (ATP), and chloramphenicol were obtained from the Sigma Chemical Co.; L-threonine, L-norleucine, and L-cystathionine were from Calbiochem; DL-, D-, and L-methionines and L-ethionine were from Mann Research Laboratories; DL-a-methylmethionine and DL-selenomethionine were from the Cyclo Chemical Corp.; reduced nicotinamide adenine dinucleotide (NADH) was from Pabst Laboratories, 5, 5' dithio-bis (2-nitrobenzoic acid) from the Aldrich Chemical Co., and beef heart lactic dehydrogenase from the Worthington Biochemical Corp. Disodium ATP-8-14C was obtained from Schwarz BioResearch Inc. Unlabeled SAM was prepared by a modification of the method of Schlenk et al. (25) by using chromatographic purification similar to that of Shapiro and Ehninger (28) . Radioactive SAM was prepared by incubating ATP-8-14C and methionine with partially purified yeast SAM synthetase (8) followed by chromatography on Dowex 50 X-8 (minus 400 mesh) with a gradient from 0 to 6 N HCI. The radioactive SAM peak fractions were combined and lyophilized. The unlabeled SAM gave a single ultraviolet-absorbing, ninhydrin-reactive spot on paper electrophoresis. Be Media and growth of cells. Chemically defined media were based on a modification of the medium of Davis and Mingioli (4) containing, per liter: 7 g of K2HPO4, 3 g of KH2PO4, 1 g of (NH4)2SO4, 0.1 g of MgSO4.
7H20, and 5 g of dextrose (or in some cases 5 g of sodium lactate) with supplementation as required. Complete media were LB broth (27) containing 10 g of tryptone (Difco), 5 g of yeast extract (Difco), and 10 g of NaCl per liter, or nutrient broth (Difco). Cells were routinely grown at 37 C and 250 rev/min in a New Brunswick model G-25 gyrotory incubator shaker. For derepression experiments, cells were grown overnight (-16 hr) in 1-liter Bellco shake flasks containing 500 ml of medium (usually LB broth). An adequate volume of culture was centrifuged at 11,000 rev/min for 15 min in a Sorvall RC-2B refrigerated centrifuge. The medium was discarded, and the cells were suspended in sufficient minimal medium (0.5% dextrose) to give an absorbancy of 2.0 at 550 nm (-3 mg of cells/ml). Portions of the cell suspension (usually 250 ml) were added to 1-liter Bellco shake flasks containing specified supplements. The flasks were shaken to mix the contents and were incubated at 37 C and 150 rev/min in a New Brunswick model G77 Metabolyte shaking water bath. Growth was followed by dilution of 0.5-ml samples of culture to 5 ml with water and measurement of the absorbancy at 550 nm with a Gilford model 240 spectrophotometer. At periodic intervals, samples for enzyme assay were taken as described below.
Harvest and toluenization of cells. Samples of culture fluid were centrifuged for 10 min at 12,000 rev/min in the cold. The supernatant fluid was discarded, and the cells were washed by suspension in 5 ml of 0.02 M tris(hydroxymethyl)aminomethane (Tris)-hydrochloride buffer, pH 7.6 (3 C), and centrifugation. If the cells were not to be assayed immediately, the pellet was stored in a freezer overnight. The washed cells were suspended in sufficient 0.02 M Tris-hydrochloride, pH 7.6, to give an absorbancy of 20 at 550 nm (calculated from the absorbancy of the culture and the volume of sample taken). Toluene (0.05 volume) was added, the suspension was incubated at 37 C for 10 min, and the cells were stored in ice until the enzyme assays were completed.
Enzyme assays. in complete media generally have lower activity than those grown in defined media. The lowest activity was obtained in cells grown in LB broth, so these cells were routinely used in derepression experiments. When it is desired to use cells grown on defined media, somewhat higher but acceptably low activities are obtained with cells grown in minimal medium containing 0.5% sodium lactate in place of dextrose as the carbon source and supplemented with mM Lmethionine. Cells with low specific activities obtained by growth to stationary phase on LB broth were harvested, suspended in minimal medium, and incubated alone or with methionine supplementation. Figure 1 shows the growth and enzyme specific activities of these cells. The growth behavior shows the lag that is characteristic for cells grown in rich medium and transferred to an unsupplemented medium. In the absence of methionine the specific activities of all three enzymes increase with time, but, as has been reported for the enzymes of the methionine biosynthetic pathway, the increases are not coordinate (6) . Cystathionine synthetase and SAM synthetase both increase about 10-to 12-fold whereas cystathionase shows only a small increase in activity. Both levels of methionine supplementation prevent any increase in enzyme activities for the first 4 Although these experimental conditions allow demonstration of substantial increases in enzyme activity, which are prevented by addition of methionine to the growth medium, the long lag period before derepression is inconvenient. Attempts to reduce the intracellular methionine pool and thus speed up derepression were made by addition of threonine and lysine to the growth medium, since these amino acids inhibit the activities of the aspartokinase I, homoserine dehydrogenase I complex and aspartokinase III in E. coli K-12 (17, 18, 29) . The early stages of derepression of cells pregrown in LB broth are not affected by addition of 5 X 10O3 M L-lysine to the incubation medium. During the later stages lysine does cause an increase in enzyme activities above those of the control, but this effect has not been further investigated. On the other hand (Fig. 2) , 5 X 10O' M L-threonine has a marked effect on growth and derepression of LB broth-grown cells. Unlike strain Hfr H, which is inhibited by threonine (17) , the growth of the strain used in these experiments is stimulated by threonine. The time course of derepression of the enzymes is also accelerated by addition of threonine to the growth medium, with the onset of enzyme synthesis preceding rapid growth in media either with or without threonine. Because of the marked growth stimulation, apparently, in this strain, the ability to synthesize threonine limits protein synthesis after transfer from LB broth to minimal medium. Threonine has a much smaller effect on cells, pregrown in in minimal-sodium lactate-methionine medium, which do not show a lag in growth or derepression. Regardless of the basis of the threonine effect, incubation of LB broth-grown cells in medium containing 5 x 10-3 M L-threonine provides a convenient system for evaluation of the repressive effects of methionine and its analogues. The more rapid derepression accompanied by relatively little growth allows demonstration of the repressive effects of much lower concentrations of methionine. As shown in Fig. 3 , 2 X 10-5 M L-methionine clearly causes repression for 80 to 120 min, after which enzyme synthesis begins, probably reflecting depletion of methionine. Figure 4 shows that chloramphenicol (40 Ag/ml) stops growth and prevents the increases in enzyme activities, which indicates that protein synthesis is required for the increases in enzyme activity, and the phenomenon probably represents derepression. Since the development of enzyme activities are not coordinate, there was no indication that a common control system is involved in the regulation of their synthesis until several constitutive mutants with elevated activities of all three enzymes were isolated. Table 1 shows the enzyme activities of stationary-phase, LB broth-grown cells of the wild-type and constitutive strains. The activities of all three enzymes are markedly increased in the mutants D8 and E31 when incubated in threonine containing minimal medium alone or with the addition of methionine ( Fig.  5 and 6 ). Although there is an increase in the specific activity of cystathionine synthetase and an apparent decrease in that of cystathionase during 120 160 VOL. 104, 1970 743 the incubation, these changes are not influenced by methionine at a concentration (5 X 10-3 M) 250 times greater than that (2 X 10 M) which causes significant repression in wild-type cells.
Addition of chloramphenicol (40 ,ug/ml) to the growth medium prevents the increase in specific activity of cystathionine synthetase but does not prevent the apparent drop in activity of cystathionase. This decrease represents some peculiarity in the toluenized cell assay procedure rather than a loss of enzyme.
Figures 7 to 9 show the effects of ethionine, norleucine, and a-methylmethionine on growth and derepression of wild type cells. While ethionine and norleucine can be used at relatively high concentrations, a-methylmethionine concentrations higher than those shown inhibit growth, and the results are complicated by its inhibition of methionyl transfer ribonucleic acid (tRNA) synthetase (26) . None of these compounds has an appreciable effect on the enzyme activities compared to that of methionine. Ethionine at 10-M exhibits slight repression of cystathionine synthetase, and norleucine (both at 2 X 10-4 and 10-M) slightly stimulates SAM synthetase formation. These differences are small and may not be significant. Selenomethionine, on the other hand, is slightly more effective at preventing enzyme synthesis than an equal concentration of methionine. As shown in Fig. 10 ,more prolonged repression than 4 X 105 M DLmethionine.
Because of indications that the corepressor for control of the methionine biosynthetic enzymes might be SAM or one of its metabolites, the reactivity of the analogues with SAM synthetase was measured to see whether there was any correlation between the repressive activity of a compound and its ability to be converted to an adenosyl derivative. As shown in Table 2 , the activity of E. coli SAM synthetase is approximately the same in the presence of 0.01 and 0.02 M L-methionine, indicating that the enzyme is saturated in this concentration range. A small amount of SAM is synthesized in the reaction mixtures containing D-methionine, but, since the optical purity of the D-methionme was not tested, the observed activity may be due to L-methionine contamination of the material used. Regardless of its reactivity with the enzyme, D-methionine does not appreciably inhibit the reaction with L-methionine. Ethionine is a relatively poor substrate for E. coli SAM synthetase, whereas norleucine and a-methylmethionine do not appear to be substrates at all. In contrast to the other analogues, selenomethionine reacts with the enzyme more than twice as rapidly as methionine. Thus the analogues which are ineffective at repression are not good substrates for SAM synthetase, whereas one analogue, selenomethionine, which reacts with the enzyme better than methionine, is also slightly more effective at repression.
With this correlation in mind, the ability of SAM to repress enzyme formation was tested. As shown in Fig. 11 , addition of SAM to the incubation medium during derepression of cells pregrown in LB broth has no effect on the development of enzyme activity. Since equivalent concentrations of methionine caused significant repression under these conditions, these results tended to rule out SAM as an effector. Before such a conclusion could be drawn, however, it was necessary to measure the uptake of SAM by the cells. Figure 12 shows the results of one such uptake experiment. Radioactivity corresponding to approximately 5 in wild-type cells during log phase in minimal medium are in the range of 30 to 50 nmoles/g. Thus, even if SAM were taken up, the change in the pool size would be too small to cause measurable repression, and no conclusions about the role of SAM in enzyme regulation can be drawn from these experiments. DISCUSSION SAM synthetase was reported to be inducible by methionine in yeast (20) , but its control has not been previously studied in E. coli. The results presented here clearly indicate that the enzyme is repressed by addition of methionine to the growth medium. The mutants used in these experiments cotransduce with metB markers with high efficiency suggesting that they are in the metJ locus, which was described as a methionine regulatory gene in S. typhimurium (13) . Since these mutants are constitutive for cystathionine synthetase and cystathionase (and by inference for the other enzymes of methionine biosynthesis) as well as being constitutive for SAM synthetase, it is reasonable to conclude that SAM synthetase is regulated by the same system that controls the enzymes of methionine biosynthesis.
The relative abilities of the methionine analogues to cause repression of enzyme synthesis may reflect directly their reactivities with the control system or indirectly their abilities to be converted to compounds which in turn react with the control system. MetG mutants of S. typhimurium, which have been shown to (1, 12, 14, 21) have reported the involvement of SAM in regulation of methionine synthesis, mostly at the level of feedback inhibition. Kerr and Flavin (12) re- cently showed that an ethionine-resistant mutant of Neurospora crassa, originally isolated by Metzenberg (15) , has low SAM synthetase and overproduces methionine. They propose that in this strain, the methionine overproduction results from release of feedback inhibition rather than derepression. In contrast, we have reported (9) that low SAM synthetase mutants of E. coli K-12 have elevated levels of cystathionine synthetase and cystathionase (and presumably of the other methionine biosynthetic enzymes).
The behavior of these strains as well as the results with analogues of methionine are consistent with the hypothesis that the effector in repression of the methionine biosynthetic enzymes in E. coli is SAM or one of its metabolites. Unfortunately, the impermeability of E. coli K-12 to SAM prevents a direct test of this hypothesis.
